Fractionated, high-dose total body irradiation (TBI) is used therapeutically to myeloablate and immune suppress patients undergoing hematopoietic stem cell (HSC) transplantation. Acute exposure to ionizing radiation can have fatal effects on the hematopoietic and immune systems. Currently, therapies aimed at ameliorating ionizing radiation-associated toxicities are limited. In the February 2014 issue of the JCI, Kim and colleagues demonstrated that induction of nuclear factor erythroid 2-related factor 2 (NRF2) enhances HSC regeneration and increases survival following ionizing radiation exposure in mice. The results of this study suggest that NRF2 is a novel potential target for the development of therapeutics aimed at mitigating the toxicities of ionizing radiation exposure.
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Devastating events spark the origin of HSC transplantation
The discovery that ionizing radiation disrupts the biological function of the hematopoietic and immune systems was fundamental to the advent of the fields of stem cell biology and stem cell transplantation (1, 2) . Only in the aftermath of the atomic bombings of Hiroshima and Nagasaki were the devastating and potentially fatal hematologic effects of acute exposure to ionizing radiation fully appreciated by the medical and biological communities (1) (2) (3) (4) . In subsequent decades, landmark studies were performed by Till and McCullough (1, 2, 5) , which demonstrated that a population of cells within the murine bone marrow (BM) or spleen were capable of rescuing mice from the otherwise lethal effects of total body irradiation (TBI). In parallel, Snell (6) (14). Keap1 -/-mice displayed increased numbers of phenotypic HSCs and exhibited augmented HSCrepopulating capacity in a competitive repopulation assay (13). Further, Kim et al. demonstrated that mice with a constitutive deletion of Nrf2 displayed markedly increased radiosensitivity, increased hematologic toxicity, and decreased survival following TBI compared with Nrf2 +/+ mice. Importantly, induction of NRF2 provided a beneficial effect in mice following TBI. Systemic treatment of WT mice with 2-trifluoromethyl-2′-methoxychalone (TMC), an oral activator of NRF2, decreased TBI-induced myelosuppression and increased the survival of irradiated mice. The mitigating effects of TMC were dependent upon NRF2 induction, as TMC did not provide any benefit to Nrf2 -/-mice following TBI. Last, the mitigating effects of TMC treatment were mediated, at least in part, by an enhanced recovery of both the HSC and hematopoietic progenitor pool and mature blood cells in irradiated mice.
Given the strong effects that genetic or pharmacologic modulation of NRF2 have on the hematopoietic system in mice, it will be important to discern the precise mechanism of action through which NRF2 mediates these effects. NRF2-dependent responses may be related to its established function in mediating cytoprotection in response to ROS (10); however, Kim et al. have provided insight into alternative NRF2-mediated mechanisms of action at the levels of both cellular effects and signaling events (13). Interestingly, using a tamoxifen-inducible CMVCre model, Kim and colleagues showed that selective activation of NRF2 in BM stromal cells augmented HSC expansion in vitro (13), suggesting that NRF2 regulates HSC fate via both an HSC-intrinsic mechanism and via non-HSC autonomous effects within the BM microenvironment. Kim et al. also demonstrated that administration of TMC induced Notch receptor signaling in hematopoietic cells in vivo and that inhibition of Notch signaling via a γ secretase inhibitor abrogated the beneficial effects of TMC on hematopoiesis. Interestingly, TMC-mediated induction of NRF2 also upregulated expression of the Notch ligand Jagged on BM stromal cells, and antibody-based blockade of Jagged abrogated TMC-mediated expansion of hematopoietic progenitor cells ex vivo. Taken together, these data suggest that activation of NRF2 in the BM microenvironment mediates the expansion of HSC/ progenitor cells via the induction of Notch signaling on target hematopoietic cells. hematopoiesis. First, it may be possible to induce human HSC expansion in vitro or in vivo via pharmacologic activation of NRF2. If successful, such capability could have a significant impact on the field of HSC transplantation. Second, pharmacologic induction of NRF2 could serve to mitigate the potentially fatal effects of radiation-induced hematopoietic failure in victims of acute radiation sickness. This latter possibility has major public health implications, given the ongoing worldwide threat of radiological or improvised nuclear devices as weapons of terrorism (15). Commensurate with this, the development of effective therapies to mitigate acute radiation sickness is a high priority for the US federal government (16). In summary, the study by Kim et al. (13) Damage to the adult mammalian heart is irreversible, and lost cells are not replaced through regeneration. In neonatal mice, prior to P7, heart tissue can be regenerated after injury; however, the factors that facilitate cardiac regeneration in the neonatal heart are not known. In this issue of the JCI, Aurora and colleagues evaluated the immune response following myocardial infarction in P1 mice compared with that in P14 mice, which have lost their regenerative capacity, and identified a population of macrophages as mediators of cardiac repair. Further understanding of the immune modulators that promote the regenerative properties of this macrophage subset could potentially be exploited to recapitulate regenerative function in the adult heart.
Repair without regeneration in the damaged adult heart Myocardial infarction (MI), commonly known as heart attack, results in the loss of around 1 billion heart muscle cells and destruction of surrounding blood vessels. Once damaged, adult heart cells cannot be replaced through regeneration; therefore, an alternate form of wound healing is orchestrated by the immune system. Inflammatory cells migrate to the injured heart, ensuring the clearance of harmful cell debris and repair of the damaged area via formation of a fibrotic scar. The MI-associated inflammatory response is largely stereotypical and considered to be a function of the innate immune system. While inflammatory tissue reparation is initially beneficial, the scarring leads to pathological remodeling of the heart and compromised cardiac function over time. Moreover, if the initial acute inflammatory response becomes chronic, host tissue will be subject to continued damage.
Efforts to promote heart regeneration have largely centered on mechanisms to replace lost cardiovascular cells via cell transplantation or through stimulation of resident cells, such as altering progenitor cell differentiation or inducing muscle cell division. Relatively little attention has been paid to the local environment that transplanted or newly stimulated cells encounter in the heart following MI, which constitutes a proinflammatory milieu, much of which is cytotoxic, and an ensuing fibrosis that disrupts essential matrix. Together, the proinflammatory environment along with a dysfunctional matrix prevent engraftment and integration of new cells into survived heart tissue. While the default immune response to MI appears to ensure a quick fix of the heart, it precludes cell replacement and tissue regeneration.
